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Tensile yielding of multiwall carbon nanotubes
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The tensile yielding of multiwall carbon nanotubd®IWCNTs) has been studied using
molecular-dynamics simulations and a transition state theory based model. We find a strong
dependence of the yielding on the strain rate. A critical strain rate has been predicted above/below
which yielding strain of a MWCNT is larger/smaller than that of the corresponding single-wall
carbon nanotubg€NT9). At an experimentally feasible strain rate of 1%/h dnd300 K, the yield

strain of a MWCNT is estimated to be about 3%—-4% higher than that of an equivalent single-wall
CNT. This is in good agreement with recent experimental observation20@3 American Institute

of Physics. [DOI: 10.1063/1.1567041

Carbon nanotube€CNTs) have been the subject of ex- WhereE,, is the averaged dynamic activation energy of SW
tensive studies in recent years. In experiments, CNTs arbBond rotationsg is the intrinsic strain ratejg;, is the num-
grown in arc-discharge, chemical vapor deposition, and lasdser of atomic sites available for defect formation; awds
ablation based methodsSingle-wall CNTS(SWCNTS and  the number of SW bond rotations involved in the yielding
multiwall CNTs (MWCNTSs) with many concentric shells of process. The yield strain of a 60 A long CND,0 as a
graphene type C layers are the common products dependifignction of strain rate at different temperatures, shown in
on experimental conditions. Theoretical and experimentafig. 1, was computed from extensive MD simulatidtes be
studies have shown that CNTs have exceptionally strong metiscussed nextand found to follow the relation expressed in
chanical characteristics, with Young’s modulus as high as Eq. (1). The intrinsic parameters obtained from the MD
TPa. Many applications have been suggested to exploit thgmuylations dafa for a CNT(10,0 are as following:E,
mechanical properties of CNTs and MWCNTs have been the-3 6 ev; ¢,/N=8x10"2 ps !; andV=2.88 A® which is
main pandidate as they can b_e produced in Iargg quantities Emjlar to that of the vacancy volume@ C atom on a CNT,
experiments. The understanding of the mechanical responsgy \ill be shown to play an important role in the yielding of
such as yielding behavior, of MWCNTSs is thus significantly paweNT as well.
important from the applications perspective. . The dynamics and yielding of MWCNTs is the subject of
~ Based on extensive molecular-dynami¢8D) simula-  jiarest in this letter. As a model, we consider a MWCNT
tions of yielding of SWCNTs, recently, we have proposed 3made of two shells, CN(R0,0 (63.9 A, 1200 atomsand
transition state theorgTST) based model for the tensile fail- (10,0 (55.2 A, 524 atoms The capped inner shell is put

ure O.f SWCNTS. In the model, the tensile yielding strain is concentrically and symmetrically inside the outer shell with
considered to depend on both the temperature and the strain

rate. Starting with an Arrhenius description, the activation

time for a yielding process is written ds= (1/v) eFv/keT, 03 015 T o200 0
where E,, is the activation energy and is vibrational fre- § 0.1 ’

. (E®—VKe)/kgT 2 ////
qguency. This can be expandedtte (1/v) e'=» B' be- 0.25 | £ 005 (100)
causekE, decreases linearly with applied tensile straiwith 90 = =
K as the force constant and as the activation volume. For oz | Strain rate (1/ps)
the case of SWCNT, the tensile yielding is triggered by TH00K o —se—8—o—w > °

W
0.15 T=800K

Stone—WalegSW) bond rotation process, artl, is the ac-
L]

tivation energy of formation of such defediReferences on
SW rotation and its static activation energy of formation are /
given in Ref. 3) Detailed analysis shows that the yielding o' Tk

strain ey can be obtained by inverting the above expressior //'
for the activation time as according’to 005 | T=2400K

Yield strain

E, ksT Ne

0 . . ‘
ey= +—1In —, 1) 10° 107 10™ 107 10
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FIG. 1. The yield strain of a 60 A long CNTO0,0 as a function of strain
¥Electronic mail: cwei@nas.nasa.gov rate at various temperatures from 300 to 2400 K from MD simulations.
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function of the applied tensile strain on the outer shell Q00 at four
FIG. 2. The tensile yield strain of th&0,0/(10,0 MWCNT (solid circle  strain rates al = 2400 K.
and line as a function of strain rate dt=2400 K (bottom axi$, in com-
parison to that of a CN(R0,0 (diamond and dashed lineThe error bar at . . ) )
the point of strain rate of 281074 ps~! is calculated from data of five €Nt SWCNT. The situation is reversed ferslower than

sample sets. The arrow in the lower left-hand side corner shows the crosg ... This feature can be explained by examining the intrin-
Which he marked positons Show ates of 13/ and 196ivear, The elips1C, PraMeters that appear in ). Experiments have sug:
shows the range of experimental feasible conditions with strain rate as 1%/geSted that for both dlspersed SWCNT ropes and MWCNTSs,
atT=300 K. The data shown as open circle, open triangle, and open squaréoung’s modulus is similar at 1 TPaThe intrinsic strain
are for(8,0/(20,0, (12,0/(20,0, and(5,5/(10,10, respectively. rate and the number of processes involved in yielding are
also expected to be of similar magnitude. A most probable
intershell spacing of 3.9 A. The tensile strain is graduallyparameter inducing the observed difference thus could be the
applied at the two ends of the outer shél25% tensile activation volume. On one hand, smaller activation volume
strain per step followed by dynamics relaxation for a chosemesults in a larger yield strain at a fast strain rate, according
time interval which is dependent on the strain yatkny  to the intersectiorfirst term) of the yield strain curve in Eq.
intershell load transfer is through van der Wa@&OW) (2). On the other hand, the yield strain decreases faster with
interactions! Langevin friction force schemiés used to con-  a slow strain rate for the smaller activation volume. These
trol temperature and time step is kept to 0.5 fs. The Tersofftwo opposite effects result in a critical crossover point of the
Brenner potential is used for C—C interactions, which carstrain rate. By fitting the two curves in Fig. 2, we ha\le
describe C bond formation and breaking. Details of this pofor a (20,0/(10,0 MWCNT, e,=0.2339+0.0148 Ine; and
tential are described elsewhére. (2) for a (20,0 SWCNT, ey =0.1802+ 0.0094 Ine. Assuming
The MD simulations are conducted at a high temperatur®ther parameters remaining same, the ratio of the activation
of 2400 K. Due to the tensile strain, the MWCNZ20,0/ volume on a MWCNT to that on a SWCNT is found to be
(10,0 undergoes a yielding process initiated by the forma-0.0094/0.0148 0.64 or 0.1802/0.23390.77 by comparing
tion of SW bond rotation defects followed by the breaking ofthe slopes or the intersections, respectively. The two esti-
the outer shell, while the structure of the inner shell remainsnated values roughly agree with each other. The activation
intact. The atomic structures are monitored and recorded duxolume on the outermost shell of a MWCNT is thus found to
ing the dynamics. The yield strain is defined as the tensilde within 65% to 75% of that on an equivalent SWCNT
strain at which the MWCNT behaves differently from its shell.
elastic behavior with an abrupt drop of the strain energy. The A physical reason for the reduction of the activation vol-
yield strain of MWCNT(20,0/(10,0 as a function of strain ume on the outermost shell of a MWCNT can be explained
rate, in comparison with that of a SWCNZ0,0 under simi-  as following. In the formation of SW bond rotation, a-CC
lar conditions, is shown in Fig. 2. The standard error at ebond rotates around its center by 90° to form a heptagon—
chosen point as shown in Fig. 2 is calculated from data opentagon pair. It has been shown that the out-of-plane rota-
five sample sets. It is seen that the yielding of MWCNT hagtion of the bond during the process provides a lower barrier
the similar logarithmic dependence on the strain rate as wasathway as compared to that of a totally in-plane rotafion.
observed for SWCNTs in our earlier wofkThis is not sur- The out-of-plane rotation of the-€C bond on the outer
prising because we have assumed that the entire tensile strahell in a MWCNT is thus restricted to a smaller activation
is applied on the single outermost shell. The role of the innevolume due to the VDW forces from the inner shells. Results
shells in a MWCNT is to modify this behavior through VDW of similar MD simulations on(8,0)/(20,0 and(12,0/(20,0
forces. MWCNT, with an intershell distance of 4.7 and 3.1 A re-
One important feature from Fig. 2 is that there is a criti- spectively, are also shown in Fig. 2. The yield strain of the
cal crossover poinkgss Of the strain ratee at which yield  (12,0/(20,0 MWCNT shows an enhanced activation volume
curves in the two cases cross. Fofaster thane s, the  effect(higher yield strain at fast strain rate and larger sjope

MWCNT has a larger yield strain compared with the equiva-due to smaller intershell distance, while the yield strain curve
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for the (8,0)/(20,0 MWCNT is comparable with that of small strains within 2%, all the cases show the sign of load
(20,0 CNT, suggesting that the larger intershell distance oftransfers. For strains larger than that, the load transfer begins
4.7 A has a minor effect on activation volume. The yieldto cease, which suggests that the VDW forces between the
strain of a(5,5/(10,10 MWCNT, with intershell distance of shells is not strong enough to hold additional interfacial ten-
3.4 A, at a strain rate 2)610"* ps* is shown in Fig. 2. sile stress. The strain energy curves fluctuptessibly due to
This shows that a MWCNT with armchair shells exhibit a thermal fluctuations in the simulatibmore for some strain

similar increase as compared to MWCNTs with zigzagrates than the others in this range and no clear trend is ob-
shells. Experimenfshave observed that MWCNTs with served. With the tensile strain continuing to increase to a
similar chirality shells are energetically favored over onesyje|q point, there is a sudden increase of load tranfeown

with changing chirality shells; thus, the later is unlikely to be 55 the abrupt increase of strain energy at higher strains in
made in experiments. Additionally, the changing chirality g 3 indicating the necking of the outer shell during the
may add registry induced effects that may need separate io|4ing process, which causes a pressure onto the the inner

ves't_ll_ghatlor!?. | it i | b tshell and helps more load transfers.
e critical crossover point in general cases can be esti- | summary, a recently proposed TST based model of

m.ated. as foIIows_. Tc.) have the same y'?ld strain for syStem?ensile yielding of SWCNTSs has been extended to explain the
with different activation volume, assuming other parameters

o . . yielding of MWCNTs with the assumption that due to con-

remaining same, the following equation must hold for the . o .

strain rate at the Crossover oy tact all the tensile stra|_n is appllled only to the outermost shell

of the MWCNT. The yield strain of a two shet20,0/(10,0

E, ksT Neégoss MWCNT are computed through MD simulations and are
ra T'”@ZO- () found to decrease logarithmicly with slower strain rate, in
agreement with the underlying TST based model. A critical
crossover strain rate is found below/above which yield strain
of a MWCNT is smaller/larger than the equivalent SWCNT
shell. This is attributed to the difference in the activation
volume in the two cases, and the activation volume on the
wheree..ssdecays exponentially with temperature and is ingtermost shell of a MWCNT is found to be about 65% to
the range of day" or smaller only forT above 1000 K. At 7504 of that on an equivalent SWCNT. At room temperature,
TT:;’EO K,i?s shown in Fig. 2¢coss IS In the range of ony experimentally feasible strain rates, the tensile yield
10" year *. Thus, at room temperature, for all practical gy ain of a MWCNT is found to be 3%—4% larger than the
purposes, the yield strain of the outermost shell of aequivalent SWCNT which is in good agreement with recent

I\SA\\//vvgNN'I is always considered to be larger than that of aexp erimental observations.
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